Patterned, spontaneous activity plays a critical role in the development of neuronal networks. A robust spontaneous activity is observed in vitro in spinal cord preparations isolated from immature rats. The rhythmic ventral root discharges rely mainly on the depolarizing/ excitatory action of GABA and glycine early during development, whereas at later stages glutamate drive is primarily responsible for the rhythmic activity and GABA/glycine are thought to play an inhibitory role. However, rhythmic discharges mediated by the activation of GABA A receptors are recorded from dorsal roots (DRs). In the present study, we used the in vitro spinal cord preparation of neonatal rats to identify the relationship between discharges that are conducted antidromically along DRs and the spontaneous activity recorded from lumbar motoneurons. We show that discharges in DRs precede those in ventral roots and that primary afferent depolarizations (PADs) start earlier than EPSPs in motoneurons. EPSP-triggered averaging revealed that the action potentials propagate not only antidromically in the DR but also centrally and trigger EPSPs in motoneurons. Potentiating GABAergic antidromic discharges by diazepam increased the EPSPs recorded from motoneurons; conversely, blocking DR bursts markedly reduced these EPSPs. High intracellular concentrations of chloride are maintained in primary afferent terminals by the sodium-potassium-chloride cotransporter NKCC1. Blocking these cotransporters by bumetanide decreased both dorsal and ventral root discharges. We conclude that primary afferent fibers act as excitatory interneurons and that GABA, through PADs reaching firing threshold, is still playing a key role in promoting spontaneous activity in neonates.
Introduction
Spontaneous movements are a ubiquitous feature of fetal and infant behavior. They provide signals that are important for the development of neurons and the assembly of networks (Petersson et al., 2003; Hanson et al., 2008) . Spontaneous movements are still present after deafferentation (Waldenström et al., 2009) or spinal transection (Robinson et al., 2000) , indicating that they are generated, at least to a large extent, within the spinal cord.
A robust spontaneous activity is commonly observed in vitro in spinal cord preparations isolated from immature vertebrates (Landmesser and O'Donovan, 1984; Nakayama et al., 1999; Ren and Greer, 2003; Yvert et al., 2004) . They are characterized by ventral root (VR) discharges, which rely mainly on the depolarizing/excitatory action of GABA and glycine at early developmental stages (for a recent review, see Vinay and Jean-Xavier, 2008) . In contrast, at later stages (e.g., birth) it is widely accepted that glutamate drive is primarily responsible for the rhythmic activity (Ren and Greer, 2003; Myers et al., 2005) and that GABA plays an inhibitory role (Jean-Xavier et al., 2007) . In addition, rhythmic discharges mediated by the activation of GABA A receptors are recorded from dorsal roots (DRs) (Fellippa-Marques et al., 2000) . The present study was aimed at identifying the relationship between discharges that are conducted antidromically along DRs and the spontaneous activity recorded from lumbar motoneurons (MNs). We found that GABA, through its depolarizing action on primary afferent terminals, promotes spontaneous motor activity in neonates.
Materials and Methods
Animals and surgical procedures. Experiments were performed on Wistar rats of either sex aged from P1 to P4 (P0 was defined as the first 24 h after birth). All surgical and experimental procedures conformed to the guidelines from the French Ministry for Agriculture and Fisheries, Division of Animal Rights. Animals were anesthetized by hypothermia, decerebrated at a postcollicular level, and eviscerated. A laminectomy was performed, and the spinal cord and roots were removed from sacral segments up to T8 -T10. The preparation was then pinned down, ventral side up, in the recording chamber. Dissection and recording procedures were performed under continuous perfusion with saline solution as follows (in mM): 130 NaCl, 4 KCl, 3.75 CaCl 2 , 1.3 MgSO 4 , 0.58 NaH 2 PO 4 , 25 NaHCO 3 , and 10 glucose; oxygenated with 95% O 2 -5% CO 2 ; pH adjusted to 7.4, at room temperature (22-24°C).
Recordings. Monopolar stainless steel electrodes were placed in contact with the roots and insulated with Vaseline. Spontaneous activity was recorded from DRs and VRs of L4 -L5 segments. To record DR potentials (DRPs), DRs were cut ϳ2 mm away from the spinal cord and the central stump was incorporated in a suction electrode filled with normal saline. Signals were amplified, filtered (AC-coupled amplifiers; bandwidth: 70 Hz to 1 kHz and 0.1-100 Hz, respectively, for "en passant" and DRP recordings), digitized (Digidata 1200 interface, pClamp 9 software, Molecular Devices; sampling frequency of 1-30 kHz). Lumbar MNs were monitored intracellularly using glass microelectrodes filled with 2 M K-acetate (70 -120 M⍀ resistance) after the pia had been removed. Membrane potentials were recorded in the discontinuous current-clamp mode (Axoclamp 2B amplifier, Molecular Devices). Only neurons exhibiting a stable (15 min) resting membrane potential were considered for analysis.
Data analysis. The number of action potentials was counted by using a software voltage discriminator and a peak detector (pClamp9 software). (DL-AP5) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were purchased from Tocris Bioscience. DIOA was first prepared in DMSO (final concentration: 0.1%). All compounds were applied in the bath over 20 -30 min, and their effects were considered 15-20 min after the onset of drug application. At this time, in all experimental conditions, the rhythm and pattern were always stable for several minutes.
Results
Discharges in DR occur before those in VR Spontaneous activity was recorded from lumbar DRs in nearly all the preparations tested (n ϭ 40/42). It consisted in bursts of action potentials separated by silent periods (Fig. 1a) (7.9 Ϯ 0.46 bursts/min, n ϭ 42 from P1 to P4; burst duration: 209 Ϯ 9 ms, n ϭ 27). Rhythmic discharges in VRs (n ϭ 39/42) occurred in phase with DR bursts (Fig. 1a) . Intracellular recordings from MNs revealed PSPs, even when no discharge was seen on the VR. A steady positive current was injected through the microelectrode to try to reverse the PSPs. Most MNs (22/26) exhibited excitatory PSPs (EPSPs could not be reversed) (Fig. 1a , bottom trace) that often triggered an action potential. EPSPs could be followed by IPSPs, which reversed toward hyperpolarization when the MN was steadily depolarized. In 4 of 26 MNs, only IPSPs were detected.
Bursts in VR lagged behind those recorded from the homonymous DR (Fig. 1b , average of 30 rectified bursts). The time delay Traces were rectified, the onset of VR burst was determined, and 300-ms-long sections of traces (starting 100 ms before and ending 200 ms after burst onset) were exported for averaging. Thirty consecutive bursts were considered. Note the 58 ms difference between burst onsets in DRs and VRs. c, Averages of DRPs and EPSPs recorded from an MN in the same segment (L5). Similar procedure for trace averaging as in b. EPSP onset was determined and 300-ms-long sections of traces (starting 70 ms before and ending 230 ms after EPSP onset) were exported for averaging. Seventy-three events were considered for analysis. Depolarization of primary afferents starts before EPSP onset (32 ms). d, Two electrodes were placed in contact with the L4 DR (P3). Data recording was triggered by the EPSP recorded from ipsilateral L4 MN (averaging of 59 events). Action potentials propagated in a proximodistal direction with a conduction velocity of ϳ0.8 m/s. e, Averages of EPSPs (same MN as in d) occurring spontaneously (gray trace, n ϭ 59) and evoked by electrical stimulation of the proximal DR at an intensity just above threshold (black trace, n ϭ 5). f, Spontaneous activity in DRs and MNs (P3) was progressively blocked by CNQX (10 M) and DL-AP5 (50 M). Note the larger reduction in MNs, compared with DRs, at 5 min. g, Areas of the bursts (rectified traces) in DRs and PSPs in MNs at P2-P4 (five experiments averaged). Data are normalized to control condition before application of CNQX and DL-AP5 (time t ϭ 0). Data were best fitted by nonlinear regression lines (one site competition equation; r ϭ 0.74 and r ϭ 0.80, respectively, for DRs and MNs).
ranged from 10 to 118 ms (mean: 46.8 Ϯ 1.7 ms, n ϭ 150 bursts in 15 preparations). This delay may be due to differences in the conduction velocity between primary afferent fibers and motor axons. To be rid of conduction delays, we recorded both DRPs and EPSPs from MNs. Primary afferent depolarizations (PADs), as indicated by DRPs, started earlier than EPSPs in MNs (Fig. 1c ) (average lag: 17.4 Ϯ 1.5 ms, n ϭ 165 PADs and EPSPs analyzed in four preparations). EPSP trigger averaging revealed the presence of action potentials in the homonymous DR (Fig. 1d) . Recording the same DR by means of two electrodes confirmed that these action potentials propagated antidromically from the spinal cord to the periphery (Fig. 1d) with a conduction velocity ranging from 0.8 to 1 m/s. The action potential recorded by the proximal electrode occurred before the EPSP onset (2.6 ms time lag). Interestingly, EPSPs evoked by electrical stimulation of the DR and those occurring spontaneously had similar slopes (Fig. 1e ). These results demonstrate that discharges in DR propagate also centrally and have an effect on MNs. We added DL-AP5 (50 M) and CNQX (10 M) to the bath to block NMDA and non-NMDA receptors, respectively. This blocked spontaneous activity in both DRs and MNs within 10 -15 min (Fig. 1f ) (n ϭ 5), confirming earlier observations (Ren and Greer, 2003) that excitatory amino acid transmission plays a key role in the rhythmic activity in neonates. However, the EPSPs in MNs decreased in amplitude and disappeared 2.5-3 min earlier than the bursts in DR (Fig. 1f,  middle traces, g ). These observations confirm that the activity is more robust in DRs than in MNs and raise the possibility that the DR discharges trigger motor activities by inducing the release of excitatory amino acids from primary afferents.
Blocking or potentiating GABA A receptor-mediated DR discharges modulate spontaneous motor activities Because DR discharges are mediated by the activation of GABA A receptors (Fellippa-Marques et al., 2000) , we applied picrotoxin (20 M; n ϭ 6) (Pflieger et al., 2002) , a GABA A receptor antagonist. Antidromically propagated action potentials recorded from the DR disappeared within ϳ10 -12 min (p Ͻ 0.01, paired t test) (Fig. 2a,b) . Concomitantly, the number of action potentials recorded from the VR decreased markedly and the activity disappeared almost completely within ϳ15 min (Fig. 2a,b) . In four of six preparations, a rhythm recovered that was characterized by longer periods (from 6.80 Ϯ 0.75 to 1.55 Ϯ 0.27 bursts/min; p Ͻ 0.01, paired t test) (Fig. 2c) and bursts (from 55 Ϯ 8 to 234 Ϯ 59 ms, n ϭ 4; p Ͻ 0.05, paired t test) (Fig. 2a , compare bottom traces). Such rhythmic motor activities produced by disinhibited networks have been extensively studied (Bracci et al., 1996) . In the remaining two of six preparations, no activity recovered.
We used diazepam (n ϭ 12) to increase the opening of the GABA A receptor-gated chloride channel. In 10 of 12 preparations, a rhythmic bursting was observed in DRs in control conditions. As expected, applying this benzodiazepine increased the duration of the DR burst (Fig. 2d ,e, left) (ϩ31% in average for the 10 experiments; p Ͻ 0.001, paired t test). Surprisingly, VR bursts increased in both amplitude and duration (ϩ34%, p Ͻ 0.05 and ϩ24%, p Ͻ 0.001, respectively, paired t test) (Fig. 2d, middle traces, e, right histograms). In the remaining 2 of 12 preparations, no rhythmic discharges were recorded from DRs and VRs in control conditions; in those two cases, a rhythmic activity appeared on both roots under diazepam. To further investigate the effect of diazepam, we recorded EPSPs (identified by the fact that they could not be reversed when depolarizing the cell) from MNs. Those EPSPs occurring in phase with the DR discharges increased in both amplitude and duration (ϩ26% and ϩ44%, respectively; n ϭ 6; p Ͻ 0.05, Wilcoxon test) (Fig. 2d, right traces, f ) . Altogether, these results reveal that blocking GABA A receptors or potentiating the effect of their activation results in a reduction or an increase in EPSPs, respectively.
Blocking sodium-potassium-chloride cotransporters NKCC1 affects both DR and VR discharges Sodium-potassium-chloride cotransporters NKCC1 play a key role in maintaining [Cl Ϫ ] i high in primary afferent terminals (Alvarez-Leefmans et al., 1988) . To block these chloride pumps, we used bumetanide, which has a greater affinity for NKCCs than for KCCs (Payne et al., 2003) and is usually used at concentrations Ͻ100 M to be specific for NKCC1. Bumetanide at 10 -20 M markedly reduced DR discharges within a few minutes (Fig.  3a,b, left) (p Ͻ 0.01, Wilcoxon test; n ϭ 8). Concomitantly, the number of spikes recorded from the VR (Fig. 3a,b) (p Ͻ 0.01; n ϭ 8) and the frequency of spontaneous bursts (Fig. 3c) (p Ͻ 0.01) decreased significantly under bumetanide. The effects on both roots were reversible, and some activity reappeared Ͼ1 h after washing out bumetanide. To further test whether the effects of bumetanide were due to a blockade of NKCC1, not KCC2, we applied DIOA (30 M) to block the latter cotransporters (Boulenguez et al., 2010) . DIOA affected neither the number of actions potentials in DRs and VRs (Fig. 3d) (p Ͼ 0.05, one-way ANOVA, Tukey's post-test; n ϭ 5) nor the frequency of bursting. Adding bumetanide to DIOA markedly reduced DR and VR bursting (Fig. 3d) (p Ͻ 0.01 and p Ͻ 0.05, respectively).
Discussion
A robust bursting antidromic activity is recorded from lumbar DRs in the in vitro spinal cord preparation isolated from neonatal rats (see Results) (see also Kremer and Lev-Tov, 1998; FellippaMarques et al., 2000) . The sensory fibers exhibiting antidromic discharges were not identified in the present study because, in contrast to adults, primary afferents cannot be characterized by their conduction velocities in neonates since they are nonmyelinated. However, the values that we calculated (0.8 -1 m/s) fall in the upper range of the distribution of conduction velocities of afferent units at this age (Fitzgerald, 1987) . Antidromic discharges were blocked by picrotoxin and bumetanide, demonstrating that GABA A receptors and NKCC1 cotransporters were involved. It is well established that GABA, through the activation of GABA A receptors, plays a major role in generating PADs (Rudomín et al., 1981) . PADs rely on a high [Cl Ϫ ] I , which is maintained by the chloride intruders NKCC1 cotransporters (Alvarez-Leefmans et al., 1988) . When PADs are large enough to reach firing threshold, they trigger discharges that are antidromically conducted into peripheral nerves (Dubuc et al., 1985; Vinay and Clarac, 1999; Beloozerova and Rossignol, 2004) . Antidromic discharges were accompanied by bursts in VRs and/or subthreshold EPSPs in MNs. This may indicate that the rhythm-generating network activates both of the GABA interneurons responsible for PADs and MNs. However, we made the following observations, some of which at first sight appeared paradoxical. (1) The activities recorded from DR preceded those of their ipsilateral segmental VRs and PADs started earlier than EPSPs in MNs. (2) EPSP-triggered averaging revealed that the action potentials propagate not only antidromically in the DRs but also centrally and that they trigger EPSPs in MNs. In agreement with these observations, DR reflexes in group Ia afferents have been shown in cats not only to propagate distally but also to release transmitter centrally (and thus to evoke EPSPs in MNs) and even to cause large reflex discharges under certain experimental conditions (for review, see Willis, 1999; Eccles et al., 1961; Eccles and Willis, 1963) . (3) Surprisingly, potentiating GABAergic antidromic discharges by diazepam increased the EPSPs recorded from MNs, and, conversely, blocking DR bursts by PTX markedly reduced these EPSPs, demonstrating that similar mechanisms are involved. These data are supported by an earlier study showing a bicuculline-sensitive increase in motoneuronal excitability associated with electrically evoked DR re- flexes (Duchen, 1986) . (4) Bumetanide at a low concentration to block NKCC1 cotransporters, suppressed both DR and VR bursts. Because IPSPs are still depolarizing from rest in neonatal rat MNs and are able to facilitate action potential generation when paired with EPSPs (Jean-Xavier et al., 2007) , a possible explanation of the latter result could be that chloride homeostasis in MNs and possibly interneurons is involved. However, at such a low concentration, bumetanide has no effect on the reversal potential of IPSPs in neonatal rat motoneurons (Jean-Xavier et al., 2006) , in agreement with the observation that NKCC1 does not appear to play a significant role in chloride homeostasis in those neurons at that age (Stil et al., 2009 ). In addition, DIOA, which shifts the reversal potential for IPSPs toward more positive values and should thereby enhance the facilitation of subthreshold EPSPs (Jean-Xavier et al., 2007) , had no effect on VR bursts. The most likely explanation of our data is that rhythmically active GABAergic interneurons generate bursts of action potentials in DRs and that the central axon of primary afferents plays the role of a premotor interneuron carrying signals from the rhythmgenerating network (Fig. 4) , as shown in the trigeminal system (Kolta et al., 1995; Verdier et al., 2003) . The observation that DR bursting persists whereas VR rhythmic activity ceases after cutting the mouse spinal cord lengthwise, thereby separating dorsal from ventral quadrants (Czéh and Somjen, 1989) , supports this conclusion. The short delay between action potentials recorded from DRs and their postsynaptic effect on MNs (Fig. 1d) as well as the gradual disappearance of EPSPs when excitations were blocked (Fig. 1g) suggest that very few synapses are involved (likely no more than two).
To conclude, the present study demonstrates the existence of a functional compartmentalization of primary afferents in the spinal cord (for the trigeminal system, see Verdier et al., 2003 ; for the stomatogastric ganglion, see Coleman and Nusbaum, 1994 ). Antidromic activities in the peripheral branch block the input from the periphery and thereby contribute to the phasic gating that is observed during an episode of spontaneous movements (Waldenström et al., 2009) , whereas the central branch provides additional excitation to the network and motoneurons.
